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production of ACTH by pituitary corticotroph adenomas causes Cushing disease, the most common form of endogenous Cushing syndrome [1, 2] , characterized by the signs and symptoms of hypercortisolism, such as moon face, central obesity, diabetes, hypertension, and fragile skin. Over the past few years, molecular genetic studies have provided novel insight into the pathophysiology of these tumors. Whereas germline variants in tumor syndromes (including McCune-Albright syndrome, multiple endocrine neoplasia, Carney complex, and tuberous sclerosis) and mutations in classic proto-oncogenes and tumor suppressor genes are found in a very small fraction of pituitary adenomas [3, 4] , somatic mutations in the USP8 gene, encoding the ubiquitin specific protease 8, were recently found to account for a substantial fraction of tumors.
Two groups performed exome and Sanger sequencing of corticotroph adenomas and independently reported somatic mutations in the USP8 gene as a cause of 35% (6 of 17) and 63% (75 of 120), respectively, of pituitary corticotroph adenomas [5, 6] . These findings were confirmed by targeted sequencing in several cohorts, with 35% (21 of 60) [7] , 36% (48 of 134) [8] , 17% (5 of 30) [9] , and 31% (13 of 42) [10] USP8 mutation frequencies. Mutations were more common in female (43% to 68% mutation frequency) than in male (0% to 36% mutation frequency) patients [5] [6] [7] [8] , which is unexplained. Initially, age at peak incidence for female patients was suggested to range from 30 to 50 years [11] , but a more recent study has shown similar prevalence among pediatric cases [10] . Apart from this association with sex, clinical and biochemical correlates (such as tumor size and hormonal parameters) of patients with somatic USP8 mutations have been conflicting [10] .
The deubiquitinase activity of USP8 prevents the degradation of ubiquitinylated epidermal growth factor receptor (EGFR) in the lysosome [12] . Because EGFR signaling increases POMC transcription and secretion of ACTH [5] , increased USP8 activity causes elevated ACTH production. Importantly, USP8 activity is regulated by the binding of 14-3-3 proteins [13] , which may prevent proteolytic cleavage and activation. Recurrent gain-offunction mutations in USP8 cluster at the 14-3-3 binding site and impair the binding of 14-3-3 proteins. The resulting increased proteolytic cleavage of USP8 produces USP8 fragments with higher deubiquitinase activity [5] . This is thought to increase EGFR stability and EGFRmediated ACTH secretion.
Prior studies have typically used fresh-frozen adenoma tissue for DNA extraction and sequencing [6] [7] [8] [9] . However, fresh-frozen tissue is often not available, in particular for small tumors, for which the entire specimen is formalin-fixed and paraffin-embedded (FFPE) for diagnostic purposes [7] . Thus, such cohorts may be biased toward larger specimens. Here we investigate a cohort of 42 corticotroph adenomas from two centers in Germany and perform molecular genetic analysis from single sections of FFPE tissue.
Material and Methods

A. Patients and Clinical Data
We included 42 specimens from two cohorts of patients. Thirty-eight patients had undergone surgery for Cushing disease at the Johannes Wesling Hospital, Minden, Germany, between 2008 and 2014 (Table 1 ; these patients are labeled as HYP001 to HYP047, and missing numbers reflect duplicate samples or those for which no tumor tissue was identified on the slide), and four patients (labeled HYP050 to HYP055) were operated at the University Hospital Düsseldorf, Germany, between 2009 and 2014 (Table 1) . Düsseldorf cases were selected in pathology on the basis of ACTH positivity, and clinical presentation was reviewed. Tumors with insufficient tumor tissue were excluded after assessment by an experienced neuropathologist.
Cushing disease was diagnosed according to clinical signs and/or typical laboratory parameters [8] . Tumor size was determined on cross-sectional imaging. For tumors that were undetectable by cross-sectional imaging, size was determined by intraoperative ultrasonography or assessment during surgery ( Table 1 ). The largest diameter was recorded. Informed consent was obtained from all patients. Transsphenoidal surgery was performed in most patients. Pathologic specimens were independently evaluated by at least two experienced neuropathologists, and pituitary ACTH cell adenoma was diagnosed in each instance. Two silent corticotroph adenomas from Düssseldorf (HYP056 and HYP063) were diagnosed on the basis of positive immunoreactivity for ACTH without clinical or biochemical evidence of hypercortisolism. Molecular and immunohistochemical analyses of FFPE tissue specimens were performed with approval of the institutional review board of the Medical Faculty, Heinrich Heine University Düsseldorf (study number 4938).
B. DNA Extraction, Polymerase Chain Reaction Amplification, and Sanger Sequencing
One fresh 10-mm-thick section of FFPE tumor tissue per sample mounted on a glass slide was scraped off and used for DNA isolation. In most cases, whole genome amplification was performed with the REPLI-g FFPE kit (Qiagen) from FFPE tissue directly, without prior DNA purification, according to the manufacturer's instructions. For large specimens, the QIAamp DNA FFPE Tissue kit (Qiagen) was used for DNA extraction.
Routine polymerase chain reaction (PCR) amplification of USP8 exon 14 was performed by using primers USP8_F and _R (Table 2 ) and the KAPA2G Fast Hot Start PCR kit (KapaBiosystems) following a step-down protocol. PCR products were verified by gel electrophoresis. For select cases, products were excised, and DNA was extracted by using the QIAquick Gel Extraction kit (Qiagen). PCR purification and direct bidirectional Sanger sequencing were performed at the Genewiz Sequencing Service facility (Takeley, United Kingdom). Results were analyzed with Sequencher version 4.7 software (Genecodes).
C. Targeted Next-Generation Sequencing and Data Analysis
Samples were prepared for ultradeep sequencing of USP8 exon 14 on the MiSeq sequencer (Illumina) according to the manufacturer's protocols. For barcoding of samples, the Nextera Index kit (Illumina) was used. The MiSeq run was performed with the MiSeq Reagent Nano kit version 2 for 300 cycles (Illumina), which comprises 150-bp paired-end reads. Fastq files were loaded as pairs in the CLC Genomic Workbench version 9.5.1 (Qiagen) and analyzed by merging the overlapping pairs, mapping them to the USP8 reference sequence, and applying the low-frequency variant detection tool. For a second evaluation, the data were reanalyzed according to the PCR Amplicon workflow guide of the Illumina MiSeq Reporter Software. A list of variants was generated with VariantCaller and sample sheet settings for detecting somatic variants. Called single nucleotide polymorphisms were assessed with the Integrative Genomics Viewer version 2.3.88 (Broad Institute). Protein-changing variants with minor 
E. Statistical Analysis
Statistical analyses were performed by using the Prism 7 program (GraphPad). Data are shown as mean 6 standard error of the mean, unless otherwise indicated. Normality was assessed by the D'Agostino and Pearson normality test. Comparisons between two groups were performed by using the indicated statistical tests, and P values , 0.05 were considered to indicate significant differences.
Results
A. Characterization of the Patient Cohort
Among the 42 patients with Cushing disease, 15 were male and 27 were female. . Notably, 16 tumors were very small (#5 mm, including the three that were undetectable by imaging); 26 tumors were microadenomas (,10 mm), and 14 were macroadenomas ($10 mm). Data on tumor size at initial presentation were unavailable for two patients operated for recurrence. Clinical data are summarized in Table 1 .
B. Sanger Sequencing Reveals USP8 Variants in 6 of 42 Cases
To determine the frequency of mutations in the USP8 gene, we initially extracted DNA from FFPE tissue and performed targeted PCR and direct Sanger sequencing of exon 14 of USP8, containing the previously described 14-3-3 binding site affected by gain-offunction variants [5] . We identified previously described variants in tumors of six patients (14.3% mutation frequency; three with p.P720R, one with p.S718P, two with p.P720Q variants) ( Fig. 1 ; Table 3 ). All occurred in tumors .5 mm. In HYP029, only variant p.P720R and no wild-type (WT) sequence was detected, whereas all other variants appeared to be heterozygous.
C. Next-Generation Sequencing of USP8 Reveals Three Additional Cases With USP8 Variants
Because the prevalence of USP8 mutations detected by Sanger sequencing in our cohort was lower than in previous reports [5] [6] [7] [8] 10 ], we performed targeted next-generation sequencing (NGS) of USP8 exon 14 on the Illumina MiSeq sequencer in samples without mutations detected by Sanger sequencing and sample HYP029 (positive control) (Fig. 2) Fig. 3 ; Table 3 ). The three tumors in which variants were detected only by NGS were all #5 mm in size. No variants were detected in the two silent corticotroph adenoma controls, as previously reported [8] . NGS analysis increased the number of tumors with somatic USP8 variants to nine and the total mutation frequency to 21.4%. Although female patients were overrepresented in the group with USP8 mutations (seven of nine mutant tumors were from female patients), there was no significant difference compared with the group without mutations (20 of 33 nonmutant tumors from female patients; P = 0.45, two-tailed Fisher's exact test). The mutation frequency in female patients was 25.9%, and that in male patients was 13.3% (Fig. 4) . There was no significant difference between mutant and WT tumors in terms of size [mutant tumors: 11.4 6 8.2 (mean 6 SD) mm; WT tumors: 12.1 6 12.0 (mean 6 SD) mm; P = 0.63 (two-tailed Mann-Whitney test)]. Similarly, patients with tumors bearing USP8 mutations did not significantly differ in age from those without such variants [mutant tumors: 43.9 6 21.8 (mean 6 SD) years; WT tumors: 42.1 6 12.0 (mean 6 SD) mm; P = 0.82 (unpaired two-tailed t test with Welch correction)]. One of the two pediatric patients (HYP005) carried two USP8 variants (Figs. 2 and 3 ).
D. EGFR Expression Levels are Not Upregulated in USP8 Mutant Tumors
To assess EGFR expression levels in tumors, we performed immunohistochemistry with antibodies against EGFR. Interestingly, none of the mutation-positive corticotroph adenomas were EGFR-positive (Fig. 5) ; very weak EGFR positivity of connective tissue was occasionally observed.
Discussion
Our analysis of a cohort of 42 ACTH-producing pituitary adenomas in Cushing disease demonstrates the utility of a targeted NGS approach in detecting USP8 variants, specifically in small tumors with a size of #5 mm. When such small tumors are resected, in particular, fragmented tumors from transsphenoidal surgery, the distinction between normal pituitary tissue and adenoma tissue can be histologically challenging on hematoxylin-eosin-stained sections; several histochemical and immunohistochemical stains are typically performed [14] . Obtaining fresh tissue for DNA extraction and Sanger sequencing is not advised when small tumors are excised. Even with use of FFPE tissue for DNA extraction, separating tumor from normal tissue for DNA extraction can be challenging. Under these circumstances, targeted Figure 3 . NGS reads in tumors with two concurrent USP8 variants. Analysis of mutant reads using Integrative Genomics Viewer demonstrates two variants on independent alleles or independent tumor subpopulations for HYP002 and two variants on the same allele for HYP005. NGS can reveal low-frequency variants due to contamination with normal tissue or due to tumor heterogeneity. We show that this analysis can be performed by using DNA extracted from a single 10-mm-thick section of FFPE tissue, enabling a molecular diagnosis after routine histology. Such an analysis may complement clinical assessment, histology, and immunohistochemistry in the diagnosis of pituitary adenomas causing Cushing disease.
The USP8 mutation frequency in our cohort was lower than in most published cohorts. Only one smaller study (mostly on macroadenomas) reported a lower frequency [9] , whereas most studies found USP8 mutations in about 35% of ACTH cell adenomas [5, 7, 8, 10] , and a single study from Asia reported mutations in 62% of these tumors [6] . The higher frequency in the Asian cohort may be due to differences in patient ascertainment or to ethnic differences-mutations in the KCNJ5 potassium channel gene in adrenal aldosterone-producing adenomas are also more common in European women and more prevalent in most Asian cohorts [15, 16] .
Many factors may explain the lower prevalence of USP8 mutations in our cohort. First, female patients were only about twofold overrepresented in our cohort (27 female and 15 male patients), whereas female patients were about three-to fivefold enriched compared with male patients in several published cohorts [6] [7] [8] 17] . The higher prevalence of mutations in female patients in these studies would therefore have contributed to a higher overall mutation prevalence. Whereas the mutation frequency in male patients was in a similar range as previously reported (although numbers were small) [8, 10] , the mutation frequency in female patients was lower than previously reported (25% vs approximately 40%). The inclusion of a high number of very small tumors (38% of tumors were #5 mm in size) may have contributed to this divergence as well. We initially suspected that contamination with normal tissue may have led to a lower mutation detection rate in our cohort; however, mutation frequencies remained lower than in other cohorts even after NGS, which detected variants with allele frequencies as low as 3%. Surprisingly, we observed only missense mutations in our cohort, whereas one common deletion (p.S718del) accounted for .20% of mutations in other cohorts, with other rare deletions reported [6] [7] [8] . Manual assessment of Illumina reads in our cohort confirmed the absence of deletions. Of note, the p.S718del variant showed the highest deubiquitinase activity of all assessed variants in vitro [5] . Whether clinical correlations led to the exclusion of tumors with this variant from our cohort is unknown. Last, mutations that are present in only a fraction of the tumor can be missed when only limited tumor material is used for DNA extraction.
We note that several pituitary adenomas, both in previously published cohorts [5, 6] and in our cohort, carried two USP8 variants in a single tumor. The finding of an apparently homozygous or hemizygous USP8 variant in HYP029 supports this notion and may be due to loss of the WT allele or mitotic recombination, although we cannot exclude an FFPE artifact. Of note, all previously described variants were heterozygous [5] [6] [7] [8] . The finding of a second USP8 variant with lower allele frequency in HYP002 demonstrates that tumors with USP8 variants are not necessarily clonal; independent hits may contribute to tumor heterogeneity [18, 19] .
Variants with low allele frequency in particular could represent FFPE or whole-genome amplification artifacts, although the low-frequency variants in HYP002 and HYP019 did not match the C.T pattern caused by cytosine deamination in FFPE tissue [20] . We did not perform functional studies to assess whether the previously unidentified variant (p.S716Y) causes increased USP8 activity. Further studies would be required to assess the pathogenicity of this variant.
The percentage of EGFR-positive tumors was much lower in our cohort than in a published cohort, in which USP8 mutations were associated with higher EGFR expression [6] . Interestingly, this association did not replicate in another cohort [7] . Whereas USP8 variants increase EGFR signaling in cultured cells, such an effect has not been consistently shown in vivo, suggesting that the effect is small or temporary or that other factors [21] are involved in increased ACTH production and/or proliferation of USP8 mutation-positive tumors. The use of antibodies with different specificities or different staining protocols may in part account for inconsistent findings [17] ; the antibodies used in our study are also used in clinical routine analysis, and a positive control was performed.
A limitation of our study is the incomplete retrospective availability of endocrine workup for some of the cases. This prevents a more detailed analysis of hormonal characteristics within our cohort. Nonetheless, we can demonstrate the utility of NGS in the diagnosis of small corticotroph adenomas. Importantly, many Cushing adenomas in large surgical series are very small, sometimes below the threshold for magnetic resonance imaging detection [22] . Molecular diagnosis by NGS could be particularly suitable for such cases. This could be beneficial for patients with recurrence [23] if USP8 mutations can be associated with response to specific therapies, such as those blocking EGFR or activating the somatostatin receptor [7, 24] . The presence of such associations is supported by the finding that USP8 knockdown or EGFR inhibition attenuates ACTH secretion in primary USP8-mutated tumor cells [7] . In conclusion, we suggest that NGS has diagnostic potential for pituitary Cushing adenomas.
